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ABSTRACT
Title: Studies on Spontaneous Combustion Using Nova Scotia Coals.
Author: Lewis H. King.
Submitted to the Department of Geology & Geophysics on May 16, 1955
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy.
The purpose of this investigation is to study the oxidation
and self-heating characteristics of a number of Nova Scotia coals
and determine their relative tendency to heat spontaneously, as
well as to try to determine the relative role of the factors that
influence the rate of heating.
Column samples are collected and stored in air-tight con-
tainers. These samples are examined microscopically to determine
their petrographic composition and pyrites content, and are then
divided into sub-samples on the basis of the amount and distribu-
tion of these components. The sub-samples are ground and the
particle-size fraction between 80 and 150 mesh is tested in an
adiabatic calorimeter and an isothermal oxidation apparatus. Both
instruments provide an index for the characteristic self-heating
tendencies of the samples. The tests also provide information on
the influence of petrographic composition and pyrites. The effect
of variation in particle size can also be studied.
Surface appears to be the most important single factor
influencing the spontaneous combustion of coals stored at normal
temperatures. The differences in the characteristic heating rates
as determined in the laboratory appear to depend mostly on the
amount of external and internal surface available to the oxygen.
When samples of the same particle size are used, the reaction rate
depends on the number and size of the pores, as well as on time,
since the oxygen must diffuse into the coal. For short periods
of time, only the external surface and the internal surface at
the outer fringe of the particles is available for reaction with
the oxygen. Spontaneous heating increases with decreasing particle
size and this is due to an increase in both the external surface
and the readily accessible portion of the internal surface.
The most important role of the petrographic composition is
its influence on surface since it exercises considerable control
on the friability of coal. In some coals which have a high fusain
content this factor can become very important.
Pyrites plays a similar role to that of the petrographic
composition since upon weathering it swells and slacks the coal.
The weathering of the pyrites is related to its particle size and
under laboratory conditions only the very small particles between
the range of 1-3 microns weather rapidly.
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Moisture might either augment or retard the spontaneous
heating of coal. A number of workers have advanced the idea
that heat may be generated in significant quantities as a result
of heat of condensation and heat of wetting when moisture con-
denses on the surface of coal. On the other hand, the latent
heat of evaporation and the high specific heat of water can both
retard the self-heating process. Whether or not moisture causes
heating depends to a large extent on the atmospheric conditions.
Temperature has a very pronounced influence on the kinetics
of the oxidation process and it is shown that for a 100C rise in
temperature between the range of 70 to 120 0C, the spontaneous
heating rate shows an increase on the average of 2.7 times. Under
normal conditions of storage where the temperature is low, its
influence is not nearly so large.
Other factors influencing the spontaneous heating process
are: the amount of oxygen present in the gas phase, extent of
previous oxidation and conditions of storage and heat transfer.
Recent work by the U. S. Bureau of Mines has shown that
coals can be stored satisfactorily by avoiding segregation and
by thorough compaction. It appears that the most susceptible
coals studied in this investigation could be stored in large
quantities if the Bureau of Mines' recommendations are followed.
Thesis Supervisor: Walter L. Whitehead
Associate Professor of GeologyTitle:
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INTRODUCTION
GENERAL DISCUSSION:
Spontaneous combustion of coal is the natural tendency
of this material to self-heat and eventually ignite without the
application of external heat. This heating is the result of
slow oxidation of the coal substance. The amount of heat
evolved is small at atmospheric temperatures and does not always
manifest itself by a rise in temperature. If storage conditions
are such that the amount of heat being dissipated from the coal
pile is less than that being generated by the oxidation process,
then heating occurs and can eventually lead to ignition. This
slow oxidation process can continue until the coal eventually
deteriorates or weathers completely to the oxidation products:
oxides of carbon and water. The initial oxidation of coal
consists predominately of the formation of a peroxide-type
complex which is thermally unstable above 70-800C.
Although the fundamental reason for spontaneous combustion
is the oxidation of the coal substance, there are many factors
which influence the kinetics of this reaction. Some even serve
as sources for additional heat. The majority of these factors
are probably known at the present time, but there is still
considerable disagreement on the relative role of each. Any
discussion on this matter from the author's standpoint will be
reserved until after presentation of the data related to the
particular factors in question. May it suffice to say that the
important variables which influence the self-heating of coal are:
2.
(1) the nature and reactivity of the coal substance (2) surface
(influenced by particle size and readily accessible portion of
the internal surface) (3) temperature (4) oxygen present in the
gas phase (5) condition of the coal with regard to previous
oxidation (6) moisture and (7) other factors related to conditions
of storage and heat transfer.
The following brief historical account will serve to
familiarize the reader with some of the problems related to
spontaneous combustion and also indicate the tremendous amount
of work that has been carried out in an effort to understand
and control this phenomenon.
HISTORICAL:
The need for scientific research on the problem of spon-
taneous combustion of coal was realized over one hundred years
ago when De la Beche and Playfair reported on "Steam coals for
the Royal Navy" between 1846 and 1850.
In 1868 and 1870 Richters published a series of papers and
concluded that the weathering of coal is due to the absorption
of oxygen. This work served to prove the inadequacy of the
original pyrite theory and was responsible for directing much
of the later researches toward the reaction of coal with oxygen.
Fayol made the second major contribution to our present
knowledge of the spontaneous heating of coal in 1879. His find-
ings have been summarized by Davis and Reynolds (9) and are
repeated here to illustrate that a number of the major factors
which contribute to the self-heating of stored coal were known
at that time. Fayol reached the following conclusions:
3.
1. Lumps of coal larger than 20 mm. do not heat
spontaneously.
2. Slack that passes a 20 mm. screen heats and fires
spontaneously whenever it is in large enough heaps.
3. Run-of-mine coal behaves like slack.
4. Raw slack is rather more inflammable than washed slack.
Coal in fine powder from the slack washings is a little
less inflammable than screened slack. When this powder
contains much clay or pyrite, it is less inflammable.
5. In a small pile the temperature rises to a certain
point and then falls again. Spontaneous combustion has
never occurred in piles less than 2 meters high; on the
other hand, spontaneous combustion often occurs in
piles higher than 4 meters.
6. Atmospheric influences, such as heat, cold drought,
and damp have little or no influence on the progress
of oxidation; and the same conclusion applies to the
impurities in the coal.
7. Coals are inflammable in the following order: (a)
Lignite (most inflammable) (b) gas coal (c) coking coal
(d) anthracite (least inflammable).
8. Spontaneous combustion of coal does not depend upon
pyrite present in the coal.
Since the publication of these first important papers,
numerous investigations have been carried out on all phases of
the problem of spontaneous combustion. A critical survey of
the work of investigators prior to 1926 was published by Davis
4and Reynolds (9) and their paper includes a bibliography of
almost two hundred papers. These authors summarize the results
of the previous investigators as follows:
1. Increase in the surface exposed (decrease in size)
increases the rate of self-heating of the coal
enormously.
2. The tendency to self-heat increases with the
temperature of the initial exposure -- slowly at
room temperature but rapidly at 150OF and higher.
3. Excess moisture may favor or retard spontaneous
heating, depending on the degree of saturation of
the atmosphere and the rate at which air in contact
with the coal is changed. If conditions are such
that moisture can be kept continually evaporating
from coal, laboratory experiments show that the heat
thus rendered latent (atmospheric temperatures) may
easily overbalance that generated by oxidation. On
the other hand, if the air supplied is saturated,
moisture cannot evaporate and it has no effect except
that to some degree it may exclude oxygen from the
coal surface; this last effect has not been shown
conclusively.
4. As the rate of heating is virtually proportional to
the amount of oxygen absorbed, if the air supply is
below that required to saturate the coal, heating
will be retarded in proportion to the amount the
supply is reduced. Excess air has a cooling effect.
5.
4. Experiments on storage would seem to indicate that
by packing it is possible to exclude the air to an
extent which retards heating materially.
5. The mechanism of the oxidation process seems to consist
in absorption (partly physical and partly chemical)
of oxygen by the coal, with the ultimate formation of
a solid coal-oxygen complex. The complex is relatively
stable at room temperature, but decomposes gradually with
rising temperature, giving off water, carbon dioxide,
and carbon monoxide. Decomposition appears to be
appreciable around 300 (lower with some coals) and is
not complete until about 230 0C is reached. Oxides of
carbon are not formed to any appreciable extent at
temperatures around 200C. Decomposition of the complex
contributes a much larger proportion of the reaction
heat than its formation.
6. All coals but anthracite undergo spontaneous heating;
the ability to self-heat is greatest among coals of
lowest rank. One should, therefore, use greater care
in storing a sub-bituminous coal than in storing a high-
rank bituminous coking coal. More pains should be taken
to prevent segregation of fine coal in storage piles
and foreign matter should be excluded more carefully.
7. Pyrite when finely divided can increase the tendency
of a coal to heat spontaneously mainly by a reduction
in size of the coal particles due to swelling of the
pyrites during oxidation.
-, I-
From their own observations and critical examination of
previous work, Davis and Reynolds (9) evaluate the factors
influencing self-heating in the following manner:
Chemical Factors:
1. The rank of a coal (with which the chemical con-
stitution of the coal substance varies) is known
to affect the tendency to spontaneous heating.
Other things being equal, the low-rank coals heat
more easily than the high-rank or older coals.
2. Pyrite, when present in a finely divided state is
known to be a contributing chemical factor in
spontaneous heating, but whether pyrite is often
the determining factor is doubtful. Coals in which
pyrite content is very low have heated spontaneously.
3. Moisture is probably not a chemical factor except
insofar as its presence is necessary for oxidation
of pyrite.
4. Organic sulfur contributes little or nothing to
spontaneous heating.
5. Ozone if present in the atmosphere accelerates
spontaneous heating; however, it is probably never
present in sufficient amounts to warrant consideration
as a factor.
6. Bacterial action is probably not a factor of practical
importance.
Physical Factors:
1. The size of the coal and the initial temperature of
exposure are by far the most important, provided always
that enough oxygen is present to saturate the coal.
2. Moisture may deter or promote heating, depending on whether
it is being evaporated from the coal or condensed thereon.
3. Occluded gases probably have little effect.
4. The effects of heat capacity and conductivity are largely
bound up with the moisture content and the size of the coal.
Schmidt (25) and Howard (16) have both published accounts
on the low temperature oxidation of coal and they give a very
extensive bibliography of papers on the subject published up
to 1940. The work of Schmidt and his associates is referred
to frequently in this report and will not be summarized at this
point.
Only the most important references to the previous work on
spontaneous combustion are cited in this report. The reader is
referred to the literature surveys of Davis and Reynolds (9),
Schmidt (25), and Howard (16) for a complete bibliography up
to the period of 1940.
PLAN OF STUDY:
The purpose of this investigation is to study the oxidation
characteristics of a number of Nova Scotia coals and determine
their relative tendency to heat spontaneously, as well as to
try to determine the relative role of the factors that influence
the rate of heating.
Each sample is studied in considerable detail. Sub-samples
are prepared from the main column samples on the basis of
petrographic composition and pyrites content. This enables
conclusions to be drawn with regard to the influence of pyrites
and petrographic composition, and shows the variations in
oxidation data that can occur within a column sample.
A number of methods have been devised for investigating the
relative oxidation tendencies of coals and have been classified
by Davis and Reynolds (9) as follows:
1. Large-scale tests to simulate commercial storage
conditions and study actual commercial storage installa-
tions.
2. Laboratory methods
I. Methods that depend upon the rapid self-heating
of coal at elevated temperatures:
a. Measurement of the time required for coal to
ignite when heated at a constant temperature.
b. Measurement of the rise of the coal temperature
above a constant oven temperature.
c. Determination of the point at which the coal
temperature rises above the oven temperature
(critical temperature method).
d. Ignition-temperature methods: (1) Determination
of the kindling temperature of coal. (2) Deter-
mination of the temperature of the glow point of
coal.
II. Isothermal method:
a. Direct measurement of the amount of oxygen
reacting with coal, usually expressed as
cubic centimeters of oxygen absorbed per
gram of coal per hour.
b. Measurement of the products of the oxidation
of coal.
III. Adiabatic methods:
a. Measurement of rate of self-heating.
IV. Purely chemical methods:
a. Halogen absorption numbers.
b. Maumene numbers.
c. Reaction with nitric acid.
The isothermal and adiabatic methods are used in this
investigation. Both methods provide an index for suscepti-
bility of coal to spontaneous combustion and both provide
means by which a certain amount of control can be exercised
on the variable factors that enter into rate of oxidation and
spontaneous heating.
-'I
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SAMPLING AND SAMPLE PREPARATION
COLLECTION OF COLUMN SAMPLES:
Column samples from four different seams have been collected
from fresh faces for this investigation. This sampling is done
by cutting out solid blocks which together represent the entire
thickness of the seam. The position and orientation of each
block is noted. In each case two column sections are taken
adjacent to one another, one section being measured and imme-
diately packed in airtight containers for oxidation study, the
other section being reserved for microscopic analysis of the
banded ingredients.
The location and megascopic description of the samples is
shown in Table I.
SUBDIVISION OF COLUMN SAMPLES:
The column samples reserved for microscopic analysis are
prepared and examined according to the routine methods employed
in the coal research laboratories at Sydney, Nova Scotia. These
routine examinations are carried out in the following manner.
The large blocks obtained in the mine are cut into small pieces
measuring about 2 inches across the bedding. These blocks are
then mounted in plaster, numbered, and marked with an arrow
which indicates their top and bottom. After grinding and
polishing, these blocks are examined microscopically using the
reflected light technique (14). The banded ingredients are
determined in accordance with the nomenclature and classification
described by Hacquebard (13) and are plotted on a special chart
Location and megascopic description of samples
Seam No. Seam Name Coalfield District Colliery Level Location Remarks
Dominion
Extremely friable coal
at least in part due to
#7 closely spaced cleat faces
Lloyd Cove Sydney Mines and high fusain content
Height of' Coal: 6' 8"'
McGregor
Princess
Sydney Mines
3500 ft.
off Main
Deep
16 South
Greener
Sydney Mines
McGregor
Stellarton
Borehole
Balance
Low side
of
Wheatly
Relatively hard, blocky
coal with cleat faces
quite widely spaced
Height of Coal: 5' 4"
Intermediate in friability
and cleat development be-
tween samples 113 and IV26
Height of Coal: 4' 5'
Relatively hard blocky
coal
Height of Coal: approx. 14'
Height of Sample: 7' (bottom)
II 3 Sydney
IV 26 Sydney
Harbour
VI 17 Sydney
Backpit
ML 8 Pictou
TABLE I:
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or coal-log. (See pocket). The coal-log is plotted vertically
to true scale and is a detailed graphical representation of the
petrographic composition of the seam from roof to pavement.
The petrographic composition of a seam changes between pavement
and roof so that it is possible to divide a seam into several
intervals in which certain banded ingredients predominate
(petrographic intervals).
In addition to the above mentioned examination, the
samples used in this investigation are also examined for pyrites
using a high-power, oil immersion objective. This information
is plotted on the coal-log (see pocket) and shows the type,
nature of occurrence, and distribution of the pyrites through-
out the sample. A legend for the pyrites forms is shown at
the base of the coal-logs. A full description of the pyrites
forms appears on pages 40 - 44.
On the basis of this detailed examination, each coal-
log is subdivided into intervals which are characterized by two
or more of the following criteria: quantity, type and/or
particle size of the pyrites, as well as the petrographic
composition. These subdivisions are used as a basis for the
selection of sub-samples from the coal stored in the air-tight
containers. The object of this method of subdivision is to
contrast as much as possible the composition of the sub-samples
within a given seam so that differences in the oxidation and
heating rates if present are made evident. Unfortunately, the
size of the sample required for the oxidation experiments
sometimes places limitations on the most desirable selection.
Following is a flow diagram of the above
described scheme for selection of sub-samples.
COLUMN SAMPLE
packed in air-tight container
With the aid of a petrographic
column sample, this coal is divided in
COAL HIGH IN PYRITESI
Further dividion is made
on the basis of size and
type of pyrites.
analysis of an adjacent
the following manner:
ICOAL LOW IN PYRITES
Further division is made
on the basis of the petro-
graphic ingredients and
their distribution.
I I I I I I
SUB-SAMPLES SUB-SAMPLES
The location of these sub-samples is indicated on the
coal-logs. (see pocket)
Each sub-sample is unpacked and prepared for the oxidation
experiment just prior to the time it is required. The sample
is ground and the particle-size fraction between 80 and 150
mesh is retained for the oxidation work. This is immediately
packed in nitrogen to prevent oxidation until the following
tests are made.
Determination of the'
oxidation rate using
an isothermal method
Determination of the
rate of self-heating
using an adiabatic
method
'Chemical analysis
including pyritic
sulphur
Petrographic analysis
to determine maceral
content
PETROGRAPHIC ANALYSES:
Petrographic analysis of ground coal requires a
special technique. A representative sample of 3-4 grams of
the ground coal is mixed with 7-8 grams of Lucite mounting
13.
14.
powder and is molded in the form of a pellet. One surface of
the pellet is polished using standard techniques. The specimen
is then examined microscopically and the percentages of the
petrographic components (macerals) are recorded with the aid
of a Leitz integrating stage. The method was introduced by
Kihlwein in 1934 and has been described in detail by
Hacquebard (15).
The petrographic analyses are shown in Table II.
CHEMICAL ANALYSES:
Table III gives the proximate and sulfur form analyses
of the sub-samples.
TABLE II - Petrographic maceral analyses* of sub-samples
(Percent by Volume). 
SUB-SAMPLE
(interval in
cms.)
0-62.5
115-142
142-175
VITRINITE
86%
89
92
EXINITE OPAQUE MATTER**
7%
176.5-206
206-227
IV - 26 Mixture of dull
& bright coal
12.5-39.5
39.5-60
68.5-104.5
104.5-139
90
89
78
81
77
85
90
10
9
11
7
6
12
10
12
8
4
VI - 17 0- 29.5 91 4 5
29.5-63.5 89 3 8
63.5-103 92 5 3
103-144 85 11 4
ML - 8 0- 39
39- 68
99-127
127-151
151-174
174-213
83
87
85
80
85
85
10
8
10
14
12
10
* Analyses are carried out using the oil immersion technique.
** Opaque matter refers to all opaque macerals in coal,
fusain included.
.- ~ U
COLUMN
SAMPLE
II - 3
15.
TABLE III: Chemical analyses of sub-samples
Sub-sample PROXIMATE ANALYSISSeam No. (interval in As Received Dry Sulphur Forms (As Received)
cms.)
Moisture Ash Volatile Fixed Carbon Total Sulphur Sulphate Pyritic Organi
0-62.5
115-142
142-175
176.5-206
206-227
12.5-39.5
39.5-60
68.5-104.5
104.5-139
Mixture of
dull & bright
coal
0-29.5
29.5-63.5
63.5-103
103. -144
0-39
39-68
99-127
127-151
151-174
174-213
5.07
4.14
4.17
3.39
3.02
0.95
0.84
0.98
1.02
0.65
2.73
2.78
2.53
1.61
1.07
0.99
1.09
0.81
1.01
1.01
7.51
18.76
1.42
5.93
5.02
4.12
5.38
3.05
2.58
8.11
23.51
7.43
7.74
6.33
7.72
17.24
11.87
16.73
14.63
8.79
39.21
35.58
41.35
38.34
40.93
39.56
42.31
40.04
38.91
40.21
34.61
40.22
39.70
39.46
31,79
28.93
29.32
27.52
28.63
30.58
53.28
45.66
57.23
55.73
54.05
56.32
52.31
56.91
58.51
51.68
41.88
52.35
52.56
54.21
60.49
53.83
58.81
55.75
56.74
60.63
2.94
8.86
2.64
4.80
3.99
3.99
5.16
2.49
1.28
3.26
11.70
5.05
4.93
4.18
0.96
1.77
2.18
1.65
1.21
0.94
0.28
1.13
0.14
0.51
0.26
0.12
x
0.04
0.03
0.06
0.82
0.25
0.18
x
Nil
Nil
0.03
Nil
Nil
Nil
1.44
4.84
0.31
1.71
1.16
2.53
*2.57
1.76
0.44
2.24
8.52
2.87
3.04
*1.59
0.12
0.74
0.95
0.64
0.19
Nil
C
1.22
2.89
2.19
2.58
2.57
1.34
2.59
0.69
o.81
0.96
2.36
1.93
1.71
2.59
0.84
1.03
1.20
1.01
1.02
0.94
x Insufficient sample
* Sulphate & Pyritic sulphur
II 3
IV 26
VI 17
ML 8
Remarks:
RATE OF OXIDATION OF COAL AT CONSTANT TEMPERATURE
GENERAL STATEMENT:
The isothermal method has been used by maryinvestiga-
tors (9) (25) for determining an index for the relative
susceptibility to spontaneous heating, as well as for studying
some of the factors that influence the rate of oxidation of
the coal.
Various isothermal methods have been devised using
either pure oxygen or air as an oxidizing atmosphere. The
early work was carried out by exposing powdered coal to air
in a tube sealed with mercury and so arranged that the pressure
could be adjusted to atmospheric at regular intervals. The
temperature and pressure were read at regular intervals and
the volumes of oxygen absorbed were calculated. Later investi-
gators have devised dynamic methods wherein the oxidizing
atmosphere is passed through the sample. The amount of oxygen
absorbed can be calculated from gas analyses, made at intervals
on the issuing air stream or it can be measured directly.
APPARATUS AND EXPERIMENTAL PROCEDURE:
The apparatus used in this investigation is designed
so that the rate of oxygen consumption by the coal is measured
directly. The basic design is the same as the one used by
Davis and Reynolds (8) (9). Automatic control has been incor-
porated into the original design so it is possible to measure
the rate of oxidation at constant temperature and relatively
17.*
U18.
constant pressure over long periods with a minimum amount of
attention.
This equipment is illustrated in Figures 1 and 2.
The principle of the method is as follows. Pure oxygen (99.5%)
is circulated through a weighed sample of coal (250 gms.) and
the amount of oxygen removed by reaction with the coal is
replenished automatically from a gas burette, so that relatively
the same pressure is maintained in the apparatus at all times.
The main gaseous oxidation products (H20 and C02 ) are removed
from the effluent oxygen by suitable absorbents,
The apparatus consists of a constant temperature bath
which is held at 500C; by automatic controls; a sample holder
with a fritted disk; an absorption train for the removal of
moisture and carbon dioxide; a circulating pump enclosed in
a water jacket; a compensator manometer equipped with three
terminals (one common); a burette and compensator tube enclosed
in a water jacket; a levelling bulb mounted on a motor driven
elevator capable of moving up or down at a rate of 1 in. per
minute; an electronic control switch capable of imparting
motion to the levelling bulb, in a direction determined by
the compensator manometer.
The circulating pump consists of a glass tube fitted
with two rubber latex valves, a platinum heating coil, and a
surrounding water jacket. The platinum heating coil is alternately
heated and cooled by an electric current which is delivered
intermittently at two second intervals. The current is so
18a
Figure 
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apparatus
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adjusted that a pulsating flow of 10cc. per min. of oxygen is
obtained.
The system has been found to operate most satisfactorily
if the flow of oxygen is stopped for one minute in every four.
This enables the system to come to equilibrium and prevents
the build-up of pressure which is generated by small amounts
of heat from the pump. Otherwise, the system would attain
equilibrium at pressures above atmospheric and increase the
possibilities for leaks. Both the period of interruption and
the period of intermittent current are controlled by a contact
arm which is activated by a rotating cam.
Figure 3 shows the detailed circuit of the electronic
control which operates the levelling bulb. Both halves of
the 6SN7 are biased and are prevented from conducting by apply-
ing a negative voltage obtained from the variable resistor
through the grid resistors. When one of the manometer terminals
is shorted to the common terminal by the mercury (a situation
brought about by a drop in pressure in the system caused by
reaction of oxygen with the coal and subsequent absorption
of the oxidation products) the negative voltage on the grid
is reduced to zero and the side of the tube that corresponds
to that terminal conducts and energizes its respective relay
which imparts the correct motion to the motor (the motor raises
the levelling bulb which introduces more oxygen into the system
and this restores the normal pressure). When the mercury makes
contact, the current through the electrode is equal to the
cut-off negative voltage on the grid divided by the resistance
19.
110 v To Motor (Reverse)
To
Compensator
Manometer
110 v
Pri.
110 v To Motor
20.
of the grid resistor (250K) and is approximately equal to 30g
amps. The power supply is the standard half wave with a
smoothing capacitor.
The rate of oxidation of the coal is determined periodi-
cally over a period of 30 to 35 hours. Usually, 12 to 15 points
are obtained.
PRESENTATION OF DATA
Time-rate oxidation curves are plotted on logarithmic
paper, the rate of oxidation being expressed as cubic centimeters
of oxygen consumed per hour per 100 gms. of pure coal. The data
obtained from the burette readings are first plotted on the
basis of 250 gins. of raw coal. (Curve 1, Fig. 4). These points
are then transferred to an arbitrary linear scale and the line
of regression is determined by the method of limiting squares.
The line is then transferred back to the original points on
the logarithmic paper. A curve is next calculated on the basis
of 100 gms. of pure coal (Curve 2, Fig. 4). The curves for
the remaining samples are shown in Figures 5-9 and are all
reduced to the basis of 100 gms. of pure coal.
All the points fall along relatively straight lines
as in Curve 1, Figure 4. The curves show that the rate of
oxidation decreases rapidly at first and then approaches a
constant rate with respect to time. The straight line also
demonstrates that the relation is a power function. The curves
are extrapolated to show the rate of oxidation at the end of
the first hour and this rate is used as the index for the
relative spontaneous heating tendencies of the various samples.
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These indices are tabulated in Table IV.
TABLE IV: Indices for the relative susceptibility of samples
to heat spontaneously.
Column sample Sub-sample
interval in
cms.
Relative
oxidation
indices
0-62.5
115-142
142-175
176.5-206
206-227
A
12.5-39.5
39.5-60
68.5-104.5
104.5-139
Mixture of dull
and bright coal
A
0-29.5
29.5-63.5
63.5-103
103-144
A
0-39
39-68
99-127
127-151
151-174
174-213
A
verage
verage
verage
verage
21.3
28.3
22.8
23.4
29.0
25.0
5.0
8.7
10.8
6.5
5.4
7.8
29.3
18.7
21.9
21.2
22.8
6.3
7.2
6.2
9.0
10.1
7.3
7.7
The average curve for each column sample is shown in
Figure 9.
DISCUSSION OF RESULTS:
The average values in Table IV show that the column
samples occur in the following order of decreasing tendency to
self-heat: II 3, VI 17, IV 26 and ML 8. Actually, the differ-
II 3
IV 26
VI 17
ML 8
QHW
-~ -
22.
ences shown by the isothermal method between 113 and VI 17 are
not of sufficient magnitude to be significant. This also applies
to IV 26 and ML 8. When the indices for the sub-samples of
these seams are considered, it can be seen that there is con-
siderable overlap between those of II 3 and VI 17 as well as
between those of IV 26 and ML 8.
A discussion of the reason for the differences in
susceptibility to oxidation will follow later in this report.
It might be stated at this point, however, that the author is
of the opinion that readily accessible internal surface is the
controlling factor.
An examination of Figure 9 shows a considerable variation
in slope between the low and the high index samples. Previous
work by Schmidt and his associates (23) (24) (25) has shown that
the curves for all coals should be nearly parallel for a given
particle size. These observations were based on at least 130
different coals some of which were tested at the U. S. Bureau
of Mines while others were tested by Winmill and Graham (30),
and reworked by Schmidt. In this previous work the momentary
rates of oxidation were obtained by chemical analysis.
Considering this previous work, the differences in the
slopes of the curves in Figure 9 suggest that there is possibly
considerable error in the method. Nevertheless, these results
do show similar oxidation tendencies to those obtained by the
adiabatic method to be described later. Figure 23 shows the
correlation between the two sets of data. It is thoughtthat
much of the spread in the points of Figure 23 is due to the
isothermal method.
23.
RATE OF SELF-HEATING OF COAL UNDER ADIABATIC CONDITIONS
GENERAL STATEMENT:
A number of methods have been devised for measuring the
rate of temperature rise of coal samples when exposed to air or
oxygen (6) (7) (9) (10) (25) (30). To obtain a reasonable
amount of self-heating in small samples in the temperature
range of 30 to 1000C, the rate of heat loss from the sample
must be kept very near zero. Therefore, adiabatic calorimeters
have proven most satisfactory.
Winmill (30) was the first to use an adiabatic method.
He obtained results by exposing oxygen to samples of coal in
a vacuum bottle immersed in a bath, the temperature of which was
raised at the same rate as the coal. Davis and Byrne (6) (7)
devised a superior method in that the temperature of the bath
followed that of the coal much more closely. More recently,
Elder and his associates (10) have constructed a similar
calorimeter, but much larger in size and capable of holding
110 lb. samples.
The chief advantage of the adiabatic calorimeter over
all other laboratory methods for studying spontaneous ignition
is that it more closely simulates actual storage conditions.
The heat generated by the coal is not dissipated, hence it
raises the temperature of the coal and thus promotes the rate
of oxidation. This is virtually what takes place in a large
coal pile.
!T M
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Studies can be designed around this method whereby
some of the variable factors contributing to self-heating
such as air supply, moisture content and surface can be
introduced and their effects estimated.
APPARATUS AND EXPERIMENTAL PROCEDURE:
The adiabatic calorimeter used for this investigation
is similar in principle to that used by Davis and Byrne (6) (7)
but considerable changes have been made in the control system.
To prevent heat loss the temperature of the environment of the
sample, that is the oil bath, is kept equal at all times to
that of the sample.
The apparatus is shown in Figures 10, 11 and 12. The
calorimeter consists of a Dewar flask which holds approximately
one gallon of bath oil in which is placed a stirring devise,
4 immersion heaters (100 watts each), a thermometer graduated
in tenths of a degree, a coil of 15 ft. of 1/4 in. copper
tubing which is attached to a sample holder equipped with a
fritted disk and a silver plated high vacuum jacket. This
apparatus is all attached to the Transite cover and can be
lowered or raised in the bath.
Adiabatic control is accomplished by a differential
thermocouple (cromel-alumal). One thermocouple is located in
the sample and the other is in contact with the bath oil. When
there is a difference in temperature betweenthe sample and the
bath, the e.m.f. produced in the thermocouple causes a
24a
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deflection of a sensitive galvanometer (Leeds and Northrup;
sensitivity .0005 . amps. /mm.). A light beam, reflected
from the galvanometer mirror, activates a photoelectric relay
which in turn controls the heat to the bath. A delay relay
is placed between the photoelectric relay and the heaters to
prevent overshooting of the bath. At 700 a 1 sec. pulse of
heat is sufficient to just drive the light off the photo cell.
As the temperature of the system is raised, it is necessary
to adjust the relay to give longer heat pulses. A detailed
drawing of the photoelectric relay is shown in Figure 13.
With everything in satisfactory adjustment, a difference
of 0.060C between the bath and the sample will operate the
relays.
A 90 gm. sample of 80-150 mesh coal is heated at 1300C
for 3 hours in a stream of nitrogen. The sample is then placed
in the sample holder and with nitrogen still passing through
the sample, the bath is raised to approximately 7000. When
the sample approaches this temperature, the system is switched
on automatic control and allowed to come to equilibrium at a
temperature close to 7000. This operation sometimes requires
as much as 12 hours. When the system is in satisfactory
adjustment at 700C, the flow of nitrogen is replaced by oxygen
at a flow of 8 cc. per minute. Temperatures of the bath are
recorded periodically and plotted as a time-temperature curve.
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PRESENTATION OF DATA:
Time-temperature curves are shown in Figures 14, 15,
16 and 17. The self-heating tendencies of these samples are
apparent from these curves and can be expressed as the time
for them to heat from 70 to 130 0C. A more quantitative
method for expressing the self-heating tendencies has been
devised by Elder and his colleagues (10). These authors
have shown that the time-temperature curves can be expressed
in terms of spontaneous heating rate as a function of tempera-
ture. This relation can be expressed in the form of an
Arrhenius, type equation:
log Rl = n 1 - 1
where Rl is the rate of heating in OF per hour,
T is the temperature in OF absolute at which R,
is determined,
R2 is the heating rate at the temperature T2 in
the same units,
n is the slope of the line.
The values of the heating rates (R) can be determined
from the time-temperature curves by measuring the slope of the
tangent to the curves at various temperatures. These values for
R are then plotted against the temperature at which they are
measured through the use of graph paper on which the ordinant
or heating-rate scale is of logarithmic type and the abscissa
or temperature scale is reciprocal. Straight line plots are
obtained.
26a
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Elder's method of representing the data is used in
this report; however, temperature is expressed in Centigrade
units instead of Fahrenheit.
The curves of Figures 14, 15, 16 and 17 are reduced
to straight lines by this method of plotting and are shown
in Figures 18, 19, 20 and 21. For comparison purposes,
Figure 22 shows the average curves for sample II 3, IV 26,
VI 17 and ML 8, as well as a sample of lignite and bituminous
coal (h28) taken from Elder's data and converted to the
appropriate units. Curves plotted in the manner shown in
Figures 18 to 22 make it possible to compare the self-heating
rates of the various samples at any temperature. In this
report the spontaneous heating rates at 80 and 1000C are used
as indices for showing the relative self-heating tendencies.
These data are shown in Table V.
Data on the variation of spontaneous heating rate with
various particle-size fractions are presented and discussed
in a later section on the influence of surface in spontaneous
combustion.
DISCUSSION OF RESULTS:
The adiabatic calorimeter results show that the influence
of temperature on spontaneous heating rate is an important
factor. By taking the average value for "n" for the coals
tested and substituting it in the Arrhenius equation, it can
be shown that the rate of heating increases 13.5 times for the
temperature range 70-1200C or on the average 2.7 times for a 100
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Figure 22 - Comparison of the spontaneous heating rates of column
samples II 3, IV 26, VI 17, and ML 8 (average of the
sub-samples in each column sample), as well as a
bituminous coal (h 28) and a lignite from Elder's data
for the relative susceptibility of samples
to heat spontaneously.
Column Sample No. Sub-sample No.
(Interval in
ems.)
Relative Spontaneous
heating indices
at -
0 - 62.5
115 - 142
142 - 175
176.5 - 206
206 - 227
Average
12.5 - 39.5
39.5 - 60
68.5 - 104.5
104.5 - 139
Mixture of dull
and bright coal
(not included in
average)
Average
0 - 29.5
29.5 - 63.5
63.5 - 103
103 - 144
Average
0 - 39
39 - 68
99 - 127
127 - 151
151 - 174
174 - 213
Average
28.
II 3
IV 26
VI 17
ML 8
80 0 C
5.8
6.4
6.9
6.9
5.8
6.4
3.1
3.0
3.1
3.7
2.4
3.2
3.5
3.8
3.8
3.2
3.6
2.9
2.6
2.3
2.4
2.5
2.4
2.5
100 0 C
16.2
16.8
18.2
18.2
17.8
17.4
8.2
8.2
8.2
9.7
6.8
8.6
10.3
11.0
11.9
12.6
11.5
8.6
8.8
7.8
8.1
8.6
7.3
8.2
TABLE V: Indices
29.
temperature rise. Using similar rank coals, Elder obtained
an average figure of 2.3 times for a 100C temperature rise
in the temperature range 50-1000C.
Table V shows that the column samples occur in the
following order of decreasing tendency to self-heat; II 3,
VI 17, ML 8 and IV 26 in the temperature range of 80 - 1000C.
From figures 18-21 it can be seen that the majority of the
slopes of the sub-samples within each column sample are quite
consistent. This is also true for the average slopes of the
column samples themselves (Fig. 22) with the exception of
sample IV 26 and even in this case the variation is not great.
Curve h 28 of the same figure is a sample of high-volatile
A bituminous coal from the Pittsburgh bed and represents the
average of a number of determinations in a large calorimeter
of 110 lbs. capacity (after Elder (10)). The slope of this
curve compares remarkably well with those of this report.
On the other hand, it shows a much lower heating rate, but
this is due in part to a difference in surface as Elder used
0 - 1/4 inch samples. The lignite sample is also taken from
Elder and shows a much higher index, as well as a flatter slope.
Figure 23 shows the correlation between the relative
self-heating indices for the various samples as determined by
the adiabatic and isothermal methods. It is felt that the
results of the two methods agree quite well but that the largest
errors are in the isothermal method.
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The activation energy can be calculated from the
Arrhenius equation and serves as a means for comparing the
results of various methods on the relation of temperature
to reaction kinetics. The activation energy (A) is calculated
in the following manner:
A
n R x 2.303
where A is the activation energy
n is the slope
R is the gas constant equal to
1.986 calories/degree
2.303 is the conversion factor for
changing from natural to common
logarithms.
Activation energies calculated from the data in Figure 22 are
shown in Table VI.
TABLE VI: Activation energies calculated from data in Figure
22 in the temperature range 70 - 130 0C.
Column Sample No. Slope (n) Activation Energy
(A) Calories/mole
II 3 - 2918 13,400
IV 26 - 2817 12, 900
VI 17 - 3149 14,100
ML-8 - 3419 15,600
Average 14,000
h 28 - 2819 12,800
Lignite
(Temp. range 50-1000C) - 1523 7,000
31.
The table shows that there is a relatively good correlation
between the average results of the samples used in this
investigation with sample h 28. The sample of lignite gives
a considerably lower result which is due to the lower
temperature range at which it is determined, as well as its
rank.
Values of A determined by other workers (17) (30)
using different experimental methods are shown in Table VII.
TABLE VII: Comparison of activation energies determined
by other workers
Coal Reference Activation Energy Temp. Range 0 C.
Hards 16,500 30 - 90
28,600 90 - 140
Jacks 15,600 30 - 90
ft 22,600 90 - 140
Cannel 14,100 30 - 90
It 25,900 90 - 140
Barnsley 16,600 30 - 90
Softs
" 25,200 90 - 140
Top Softs 17,200 30 - 90
24,400 90 - 140
Average 16,000 30 - 90
25,400 90 - 140
Pocahontas 13,000 75 - 125
Pittsburgh 14,000 75 - 125
Illinois #6 13,600 75 - 125
Pittsburgh 11,000 30 - 100
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INFLUENCE OF PETROGRAPHY ON THE SELF-HEATING TENDENCY OF COAL
Previous work on the influence of the petrographic
constituents on spontaneous combustion has shown that these
constituents oxidize at rates of the same order of magnitude.
Tideswell and Wheeler (27) (28) and Stopes (26) found that
the banded ingredients from the same seam show the following
order of decreasing oxidizability: fusain, vitrain, clarain
and durain. Graham (11) on the other hand found that fusain
is the least susceptible to oxidation and this conclusion is
probably correct since Tideswell and Wheeler (28) activated
their samples by exhaustion at 2000C before testing. The
porous fusain would be activated to a greater degree than
the dense vitrain, clarain and durain. The conclusion to
be drawn from this previous work is that no particular petro-
graphic constituent is primarily responsible for the self-
heating of coal.
The results obtained in this investigation on the in-
fluence of the petrographic composition are shown in Figures
24 and 25. The maceral composition of each sample is plotted
as a point on the ternary diagrams and its relative self-
heating index is shown beside the point. Figures 24 and 25
show the relation of the petrographic composition to the
indices determined by the adiabatic calorimeter and isothermal
apparatus respectively. Both diagrams show that within any
given column sample there is no cloee correlation between the
composition and the indices. It must be concluded that for
32a
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coals of the same particle size, the petrographic composition
exercises little influence on the characteristic oxidation
and self-heating rate.
The petrographic composition does, however, play an
important role with regard to particle size of some coals
which in turn has a very pronounced influence on the self-
heating characteristics. In this connection, three banded
ingredients are important: durain, claro-durain and fusain.
Durain and claro-durain are hard, tough ingredients with
respect to the other components (mainly clarain), while fusain
is very soft and friable. A concentration of durain or claro-
durain would tend to decrease the amount of breakage during
handling. Durain and claro-durain do not occur in abundance
in the samples studied (Table VIII) so that their influence
is negligible. This is also true for Nova Scotia coals in
general.
The influence of fusain on friability of coal is twofold.
Since this material is very soft and friable, it is readily
reduced to fine particles through handling and in fact makes up
a large percentage of the dust in coal. During handling, coal
breaks readily along fusain bands so if this component is
present in appreciable quantity and is well distributed through-
out the seam, it places upper limits on the particle size of the
coal which is mined and prepared from this seam. Table VIII
shows that column sample II 3 contains 7% fusain and an exami-
nation of the coal-log for this sample shows that the fusain
is distributed in such a manner as to place a rather low limit
34.
on the maximum particle size of coal that can be mined from
this seam. Due to the nature of the sample preparation, the
influence of the fusain is not evaluated by the isothermal
and adiabatic experiments, but under actual storage conditions
it must play a very important role in the self-heating of the
Lloyd Cove seam (II 3).
The final conclusion with regard to the influence of
petrographic composition is that the relative rates of oxida-
tion of these constituents are essentially equal for a given
particle size, but fusain becomes very important in that it
has a strong influence on the friability of the coal as a
whole and can itself be readily reduced to very fine particles
or dust.
TABLE VIII: Banded ingredient analyses of column samples
Petro-
graphic
Interval
Thickness Light
inches mm. Fusain Vitrain Clarain
II - 3
1.9
9.7
12.8
8.5
11.9
48
245
325
32
25
23
30
216 Parting Grey Shale
303
124
10
15
22
23 36
69
65
65
42 19
.9 23 Parting Grey Shale
VI
13.8
1.3
14.6
3.9
60104
352 20
32 28
371
27
100
56
22
75
63
48
59 6 1
XIII
XII
Dull
Clarain
Claro-
durain Durain
xI & x
Ix
Impure
Coal Shale
VIII
VII
IV
III
II
Total 800 2031 21 4 i
TABLE VIII (Continued)
Petro-
graphic
Interval
Thickness
inches mm.
IV - 26
4092
175
336
31
581
12
8
15
82
70
36
20
13
72
15
162
1392
132
121
420
26
13
12
6
.7" Grey Shale
5
.1" Black Shale
315
406
1414
58
66
17 8
2
87
1
20 80
12
13
VI - 17
61
10
17
17
- 2
84
76
87
61
72
25
2
. 9
____ U.
VII
VI
Fusain Vitrain
3.6
6.9
13.2
Light
Clarain
Dull
Clarain
IV
Claro-
durain
1.2
III
II
Durain
Impure
Dur n Coal Shale
22.9
.6
6.4
Total 54.8
5.2
IV
III
II
Total
16.8
12.4
16.3
55.5
Shale
TABLE VIII (Continued)
Petro-
graphic
Interval
Thickness
inches mm. Fusain
Light
Vitrain Clarain
Dull Claro- Impure
Clarain durain Durain Coal
ML - 8
91
- 80
- 18
- 10
24.0
Iv
III
II
9.1
18.3
3.6
600
231
457
92
Shale
Total
28.8
83.8
219
2099
17
79
82
83
77
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INFLUENCE OF PYRITES ON THE WEATHERING AND SELF-HEATING OF COAL
The term "pyrites" is used in a general sense to include
both pyrite and marcasite. Pyrites occurs in almost all coals
in various forms and amounts. Both pyrite and marcasite
oxidize quite readily when in a finely divided state in the
presence of moisture. The chemical reaction is as follows:
2FeS2 + 702 + 2H20 ----- 4 2H2S04 + 2FeSO4 + 62,300 calories (12)
The influence of pyrites on spontaneous combustion has
long been a controversial issue. The best scientific investi-
gations have shown that pyrites plays a subordinate role, but many
practical men still blame pyrites primarily for the self-heating
of coal. Possibly one reason for the persistence of the latter
view is that the effects of the oxidation of the pyrites can
be seen readily in the form of slacking of the coal by swelling
during the oxidation process, and by the white powder that
appears on the coal.
Winmill (29) found that the rate of oxidation of pyrite
was proportional to the surface exposed and that with the same
particle size, pyrite oxidized faster than the coal. The
oxidation rate of pyrite decreased faster than the coal with
respect to time. He also found that the rate doubled for every
100C rise in temperature from 30 to 6000. Winmill concluded
that if pyrites was present in high proportion and in a finely
divided state it played an important role. The results of
other investigators (20) have led to a general diversion from
39.
the earliest observers opinions that because pyrites oxidizes
readily and is usually present in coal, it must be the prime
offender.
It is now generally accepted that the major role of
pyrites is in the disintegration and slacking of the coal sub-
stance by its oxidation to bulkier products. Coals that show this
effect to a pronounced degree must certainly be considered
dangerous.
The work on pyrites in this report has substantiated
the results of the most recent investigators. In Figures 26
and 27 the pyrites content of the samples is plotted against
the adiabatic and isothermal indices respectively. Examination
of these plots reveals that there is no correlation between
the pyrites and the tendency to self-heat. These data suggest
that the pyrites oxidizes at a similar rate to the coal since
it shows no tendency to control the characteristic oxidation and
self-heating rates of the samples even when it occurs in
quantities up to 8%. Possibly larger amounts would increase
the indices, but commercial coals seldom exceed such a high figure.
As mentioned previously on p. 12, some of the sub-
samples for this investigation are chosen on the basis of the
type, size and amount of pyrites they contain. The weathering
properties of some of these various types of pyrites are quite
different when exposed to the atmosphere for a number of weeks
under laboratory conditions. Therefore, it is surprising that
these different weathering properties do not manifest themselves
in the data of Figures 26 and 27.
Since the weathering of pyrites has a pronounced effect
on the particle size of coal in storage, hence, on the tendency
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for coals to self-heat, it seems appropriate to discuss pyrites
more fully with regard to its nature, occurrence, distribution
and weathering characteristics in some of the Sydney coals. These
studies are carried out in conjunction with the microscopic
examinations of the banded ingredients of the coal and the infor-
mation is plotted on the coal-logs. (Fig. 28 and coal-logs in
pocket). The information on the pyrites in Figure 28 is con-
densed for reproduction purposes. The following discussion on
pyrites is not based solely on observations from these four
samples. Observations on ten other complete column samples,
as well as many weathered intervals from other sections have
been made, but the information has not been logged.
For the Sydney coals, it has been found that pyrites
occurs in greatest abundance in disseminated forms, although
lenses and bands, sulfur balls and veins along cleats and joints
are quite frequently observed. Only the disseminated forms are
discussed.
Disseminated pyrites consists of cubic, globular,
prism-like, stellated and irregular shaped particles. These
forms are found as individual particles, clusters, aggregates
and massive patches. The prism-like and stellated forms have
been identified as marcasite by means of x-ray analysis using
an x-ray spectrometer and polished sections of coal containing
a large percentage of pyrites.
The photomicrographs of Plates I and II are representa-
tive of the disseminated sulfur forms that are found in the
L
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Sydney coal. All photos are taken with a Vickers Projection
Microscope. Photo No. 1 (Plate I) has been taken at a
magnification of 375 times using an oil immersion objective.
Each small division on the scale represents approximately
2 microns. This is an aggregate of cubic pyrite crystals
which if viewed at a lower magnification would assume the
form of an irregular shaped patch. This particular occurrence
is replacing a megaspore, but similar occurrences might also
be found in cell lumens of fusain, in vitrain bands or in any
of the other banded ingredients. In other words, the occur-
rence of pyrite in this form is not restricted to any
particular maceral or banded ingredient and this seems to be
true for the other forms of disseminated pyrites as well.
The vitrinite groundmass of clarain, claro-durain and durain
does, however, appear to be the favored host.
Photo No. 2 (Plate I) is shown at a magnification of
375 times but without the oil objective. These bodies are
individual pyrite globules and a cluster of globules both
in a vitrinite matrix. The individual forms are about 10-15
microns in diameter. These globules show considerable relief
and this makes it very difficult to obtain good photomicro-
graphs. There is no apparent crystal structure showing on
the surface of these globules; usually the surface is smooth
and massive.
Photo No. 3 (Plate I) is another cluster of globules
taken with oil immersion at a magnification of 1660 times.
42.
Each small division equals 1 micron. These globules are
different from those of Photo 2 in that they possess a very
distinct crystal structure. This structure is not apparent
on all the globules since they show variable relief and
cannot be well focused simultaneously. When examined closely,
the crystals prove to be tiny pyrite cubes.
Photo No. 4 (Plate I) is for another globule composed
of small pyrite cubes and is shown at a magnification of
4700 times. Once again, each small division represents 1
micron. This type differs from the previous ones in that
there is very little relief between the surface of the coal
and the pyrite. Another globule can be seen at the bottom
of the photo and the two are very definitely joined.
Photo No. 5 (Plate I) shows tiny pyrite crystalsoccur-
ring as individual discrete particles dispersed throughout a
matrix of vitrinite. The magnification is 3400 times and one
small division equals 1 micron. The majority of these particles
are under one micron in diameter. Many of the particles appear
to be rounded, but this effect is not real and is due to glare
on the photographic plate. Occurrences of this finely dis-
seminated type seem to be unique since they weather rapidly
forming a white sulfate surface on the coal. Photo No. 2
(Plate II) shows the sulfate weathering on a polished block
of coal taken in oblique lighting at a magnification of 3 times.
Photo No. 1 (Plate II) is for the same block of coal taken
immediately after polishing about two weeks previous to Photo 2.
43.
Evidence of weathering can sometimes be detected within a
period of 3-4 hours after the coal has been polished.
If the finely disseminated pyrites of the form shown
in Photo 5 (Plate I) is abundant, the coal swells and is
eventually reduced to a fine powder. Photo 3 (Plate II) shows
an interval of a polished block in a weathered and swollen
condition. The degree of swelling can be seen from the width
of the crack in the plaster at the top of the photo. Photo
No. 4 (Plate II) is for a partially weathered block which has
been repolished. This photo illustrates the manner in which
the coal disintegrates.
By correlating weathered intervals with the particle
size of the pyrites (Fig. 28 and coal-logs in pocket), it is
now known that particles below the range of 1-3 microns
weather under laboratory conditions. Under'normal storage
conditions weathering would probably be more rapid and larger
particles of pyrites would probably also weather. It might
also be expected that the pyrites in more permeable coals such
as low rank coals would weather more readily and that the
critical particle size range would be higher. An examination
of the coal-logs reveals that II 3 and VI 17 show a number of
weathered intervals while IV 26 and ML 8 show no signs of
weathering. Approximately 9% of the coal in the Lloyd Cove
sample (11-3) is susceptible to rapid weathering which means
that at least 9% of this coal will slack readily under normal
storage conditions.
44.
Photo No. 6 (Plate I) illustrates the other type of
pyrites: marcasite, and is shown at 1050 times magnification
under oil immersion. Each small division equals 1 micron.
This is a stellated form and usually has a central body
(sometimes globular) and prism-like radiating arms. In Photo
No. 5 (Plate II) these prism-like arms are not radiating but
appear in the form of an aggregate. The magnification in this
photo is 750 times. In Photo 6 (Plate II) the stellated forms
are shown at a magnification of 375 times without oil im-
mersion and each division equals 2 microns. This photo
illustrates that the stellated forms are not always as
symmetrical as shown in Photo 6 (Plate I) so that the prism-
like nature of the marcasite is probably its most characteristic
feature for identification purposes.
Pyrite and marcasite in coal show about the same
tendency to weather. During the course of this investigation
marcasite has only been fbund once in a badly weathered condition.
In this case the majority of the prism-like forms did not
measure over 1-2 microns along their shortest dimensions.
The amount of disseminated pyrites in the Sydney coals
varies both horizontally and vertically within each seam. The
vertical changes in concentration may be either sharp or
gradational. In any event, well defined benches of high sulfur
coal are often evident in the seams. In some instances,
benches and bands high in marcasite occur and occasionally
extend laterally for considerable distances.
45.
Figure 29 shows the petrographic correlation and dis-
tribution of pyrites in the Lloyd Cove seam. Each section
shown in this diagram represents a column sample. The re-
spective locations of the samples appear on the key, numbers
II 2 and II 4 being separated by a distance of 11 miles.
The main portion of each section deals with the coal
petrography. In preparing these petrographic percentage
diagrams a coal-log is first prepared and this is divided
into petrographic intervals on the basis of the distribution
of the banded ingredients. The banded ingredients are then
plotted percentagewise as shown in Figure 29. For example,
interval III in column II 2 is made up of 6% dull clarain,
64% bright clarain, 21% vitrain and 9% fusain. The correlation
is based on the similarities in the petrographic composition
of the intervals. Dull horizons such as interval II prove
to be very useful for correlation purposes.
The distribution of the pyrite and marcasite is plotted
immediately to the right of each percentage diagram. An
examination of this distribution plot reveals that marcasite
occurs in all four columns in interval III. It also occurs in
intervals V, IX, XII and XIII in column II 1, but these occur-
rences do not appear in the adjacent samples. These alternating
layers of pyrite and marcasite can possibly be explained by
assuming changes in the pH of the swamp waters at the time
of deposition and there is experimental support for such an
inference. Allen, Crenshaw and Johnson (2) investigated, in
the laboratory, the conditions that control the formation of
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pyrite and marcasite and found that the deposition of
marcasite is favored by an acid solution and pyrite by a
neutral or slightly acid solution.
The question also arises as to why the marcasite should
persist laterally in interval III. Taking another look at
the petrographic correlation in the lower part of the seam,
it can be seen that at any given time conditions at the
depositional interface of the swamp were probably normal.
In other words, any depositional changes were reflected over
the entire position of the swamp which is being considered.
If such normal conditions actually existed, then the probability
for a relatively uniform pH at any given time would be in-
creased and marcasite could be deposited at all four locations.
The diagram on the extreme right of each section is
a density plot of the relative abundance of pyrites in the
coal. The thin line indicates that pyrites is present and
the heavy line signifies that it is abundant. These plots
show that vertical changes in concentration can be either
sharp or gradational. They also show that well defined benches
of high sulfur coal occur in some places. With regard to the
lateral extent of the high sulfur benches, no correlation
seems to exist.
Another example of the distribution of pyrites in the
Sydney coals is shown in Figure 30 and is for the Tracy seam.
Marcasite occurs in intervals III, IV and V in sections
XII 1 and XII 2 which are approximately 3 miles apart, but does
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not extend as far east as XII 3, a distance of 5 miles from
XII 1. The interesting feature of the marcasite occurrence
in this seam is that it is present in much finer bands than
in the Lloyd Cove seam and alternates more frequently with
the pyrite. The remarks on the relative abundance of pyrites
in the Lloyd Cove seam also apply to this seam.
In conclusion it can be said that the weathering of
pyrites is important to the problem of spontaneous combustion
from the point of view of disintegration of the coal. On the
other hand, experimental evidence shows that the influence of
pyrites on the characteristic tendencies for coals of the same
particle size to self-heat is negligible.
The general remarks on the nature, occurrence, distri-
bution and weathering properties of pyrites are valid for the
majority if not all of the Sydney coals. The two examples
cited in Figures 29 and 30 are misleading in that they both
show the occurrence of marcasite. Actually, these are the
only occurrences of marcasite found in the Sydney coals to
date, so it can be safely stated that pyrite is much more
abundant than marcasite in this coal field.
The particle size of the disseminated pyrites generally
falls between 10 and 50 microns, but particles only a few
microns and less in diameter sometimes occur in abundance and
cause the coal to slack readily. Considerable amounts of the
latter type are found in samples II 3 and VI 17, and it is
thought that this might have considerable bearing on the
susceptibility of these coals to self-heat under actual storage
conditions.
-u
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INFLUENCE OF TEMPERATURE ON THE SELF-HEATING TENDENCY OF COAL
The influence of temperature on the spontaneous heating
index of coals has already been partly discussed on pages 26-31
where it is shown that the variation of the reaction rate with
temperature can be expressed approximately by an equation of
the Arrhenius type. With the aid of the equation it is shown
that for the four coals tested, the heating rate increases on
the average 2.7 times for a 100C rise in temperature within
the temperature range 70-1200C.
In Figure 31, the effect of different initial
temperatures on the heating rate of coal is illustrated. These
time-temperature curves were prepared by Davis and Byrne (7)
using an adiabatic calorimeter. They clearly illustrate that
storage piles of coal are much more likely to heat to the
point of ignition if their initial storage temperatures are
on the high side. The danger of storing coals in hot weather
is clearly illustrated.
The low temperature sections of curves 3 and 4 in
Figure 31 are different from curves 1 and 2 in that they show
an almost constant heating rate up to approximately 600C.
Above this temperature they assume more closely the shape of
curves 1 and 2. This is probably due to the fact that the
coal-oxygen complex begins to become unstable in this tempera-
ture range thus enhancing conditions for the oxygen to react
with fresh coal surfaces. A more complete discussion of the
nature of the reactions of oxygen with coal follows later in
the report.
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INFLUENCE OF MOISTURE ON THE SELF-HEATING TENDENCY OF COAL
The problem of the effect of moisture on spontaneous
combustion has many ramifications. In some respects moisture
appears to be indispensable for the oxidation of coal while in
others, it shows a strong tendency to retard self-heating.
It has been suggested by a number of investigators
that moisture has a direct influence on the formation of the
coal-oxygen complex. Recent work by Jones and Townend (18)
indicates that the initial reactions of coal with oxygen involve
chemisorption which, in the presence of water, is followed by
the formation of a coal-oxygen-water complex. Under perfectly
dry conditions no complex is formed. Only small amounts of
moisture are required for this reaction so that for all practical
purposes moisture is always present in sufficient quantity.
Berkowitz and Schein (3) have recently pointed out
that self-heating may be initiated by a rise of temperature
caused by the heat of wetting of dry or partially dry coal
exposed to a humid atmosphere. These studies have been carried
out on dry lignites at temperatures of 25 and 400C. In some
instances temperature rises of over 500C were noted when moist
oxygen was passed over the lignites. They point out that it
is not essential to start with dry coal in order to obtain
significant rises in temperature; the moisture content need
only be depressed below its normal equilibrium value by a
succession of warm dry days. With coals which have a much
smaller internal surface such as the high-volatile bituminous
coals, the process is not effective.
50.
Schmidt (25) has considered the possibility of heat
of condensation of water vapor as an important source of heat.
He suggests that the movement of water vapor through a coal
pile with subsequent condensation as liquid water on the coal
in the interior of the stack might be the mechanism by which
to explain some of the following observations made by practical
men: "(1) a rather strange but often repeated recommendation
that coals from different sources should not be piled together;
(2) that fresh coal should not be piled on an old pile that
has weathered, since contact of fresh-mined coals with older
seasoned coals acts as tinder at the point of contact; (3)
that practical men show a decided reluctance to put out fires
in coal piles by means of water; (4) that a shipment of coal
that is especially wet should not be piled with other coal,
and that coal should not be stored under gutters where rain-
water will be conducted onto the pile; and (5) that fires occur
after especially rainy weather."
The heat of condensation of water vapor is about 1040
Btu./lb. Therefore, the condensation of a small amount of
water required to increase the moisture in the coal by 1% is
sufficient to raise the temperature of the coal by more than
170C. "This rise in temperature is sufficient to increase the
rate of oxidation of the coal more than five-fold. Only a
small change in the relative humidity of the air would cause
an increase of l in moisture content of the coal and result
in a great increase in the probability of spontaneous ignition
(25)."
51.
The influence of moisture on the slacking of coal is
also an important factor in the spontaneous combustion problem.
The slacking is caused by the development of shrinkage cracks
during drying and this process is greatly enhanced by repeated
wetting and drying. Slacking by this mechanism is only of
importance in the low-rank coals.
As pointed out on page 38 moisture is essential for the
oxidation of pyrites and as previously stated on pages 38-43 this
is important from the point of view of coal disintegration.
Slacking by this mechanism is important in the higher rank coals,
as well as the lignites. The oxidation rate of pyrites falls off
quite rapidly due to the inhibiting effect of the reaction products,
but the reaction is readily rejuvenated by an excess of moisture
which cleans the surface.
The latent heat of evaporation of water causes a decrease
in the tendency for coals to self-heat. Elder and others (10)
made several attempts to obtain self-heating of coal in a large
adiabatic calorimeter (110 lb. capacity) using samples of high-
volatile A and sub-bituminous C coals containing their normal
moisture content. "Some tendency to heat was noted, but the heat
required to raise the temperature and vaporize the moisture present
was so large that the rates of heating were very low, and at a
temperature just below the boiling point of water, the samples
ceased to heat until the moisture was driven off." Similar
results have also been obtained by Davis and Byrne (6) using
the adiabatic method.
It is now a well-established fact that the inherent
moisture content of coal is a function of internal surface.
Therefore, it is not surprising to find a correlation between
inherent moisture content and characteristic self-heating
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tendency for dried samples. The relation is a question of
surface and the amount of surface is indicated by the inherent
moisture content. This correlation is discussed more fully
in the next section.
Under actual storage conditions a large portion of the
pores are filled with water, so that only a part of the internal
surface is vulnerable to attack by oxygen. The available
portion is determined by the conditions of equilibrium between
the coal and the atmosphere.
Moisture obviously plays an important but variable role
in the self-heating of coal. Its ultimate effect on a given
pile of coal might either be positive or negative depending
to a large degree on atmospheric conditions especially with
regard to sudden changes in atmospheric temperature and
humidity.
INFLUENCE OF SURFACE ON THE SELF-HEATING OF COAL
Coal is a macromolecular substance and possesses a large
internal surface. The internal surface results from a system
of pores and is a subject which has received considerable
attention in recent years. The pore structure of coal has
recently been considered by Zwietering and van Krevelen (31)
and they conclude that the pores in coal can be divided into
two systems; megapores and very fine pores. The surface of
the megapores is of the order of 1 to 2 m.2/gm. and probably
arises from a system of fine cracks. These authors have found
that for a coal of 89% C the surface area for the fine pores
is about 100 m. 2/gm. Maggs (21) has found that in bituminous
coals the range for internal surface is between 40 and 200 m.%gm.
For lignites the internal surface is even larger and ranges as
high as 380 m.2/gm (4).
Since coal has a large internal surface, it might be
expected that this surface would play a large role in the
oxidation of this substance and experimental evidence indicates
that this is the case. Figures 32 and 33 show that there is
a correlation between the characteristic self-heating tendency
and moisture content. It has already been pointed out that
moisture content of a coal is indicative of the amount of its
internal surface. Further evidence for the influence of
internal surface is obtained from data collected by Elder
and his co-workers (10). These authors have tested a large
number of coals varying in rank from low-volatile bituminous
to lignite and report a correlation of rank with spontaneous
heating rate. Although a very definite correlation exists,
even a closer correlation is obtained when their indices are
plotted against moisture content. (Figs. 34 and 35) A good
correlation also exists between the spontaneous heating
indices and the oxygen content of the samples (Fig. 36),
nevertheless, the spread of points is greater than for the
moisture plot. Since spontaneous heating tendency correlates
more closely with moisture than rank, it is thought that
surface is the controlling factor which determines the
ft WM
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characteristic heating rates of dried and partly dried samples.
It is also thought, however, that the nature of the coaly
substance as it changes with rank (changes in specific
chemical structure) probably influences the reaction velocity
as well. The rate of diffusion of oxygen into the coal must
also influence the reaction rate. This topic is discussed
later in this section.
Another line of evidence which indicates the influence
of internal surface on the reaction of oxygen with coal is
presented in Figure 37. The spontaneous heating rate at 100 0C
is plotted against the external surface areas of various
particle-size fractions of the same coal: II 3 (0-62.5).
The expression of particle size in terms of external surface
is accomplished through the use of Figure 38. This graph
was prepared by Schmidt (25) after data from Needham and Hill
(22) and shows the external surface area of coal particles as
a function of size. Figure 37 reveals that the spontaneous
heating rate increases with decreasing particle size or in-
creasing external surface, but the increase in heating rate is
not as rapid as would be expected if the entire reaction took
place on the external surface. If such were the case, then
a tenfold increase in external surface would produce a tenfold
increase in heating rate and this is clearly not so. The most
apparent explanation is that the reacting surface consists of
the external surface plus the readily accessible portion of
the internal surface.
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Winmill (30) was the first to show that the relation of
oxidation rate to external surface is not a direct proportion-
ality. These data were plotted and placed on a mathematical
basis by Schmidt (25) (Fig. 39). Schmidt found that the rate
of oxidation of coal in air at low temperatures is propor-
tional to the cube root of the specific surface area of the
samples. He expressed the results in the following manner:
k S0 3 2 7 = k
where Rx = rate of oxygen consumption in air when the
sample has consumed 1% of its weight of
oxygen, grams of oxygen per 100 grams of
pure coal per day.
k = a constant which depends on the coal tested
and also the temperature of oxidation.
S = specific surface area, square meters per kilogram.
The authors point out that difficulty was encountered in
obtaining the oxidation rates of the larger fractions and
that the relationship is tentative. To date, this appears
to be the only quantitative information available in the
literature between reaction rates and surface area.
According to the data in this report (Fig. 37), if a
straight line is drawn through the points, then the increase
in spontaneous heating rate is less for a given increase in
surface than that of Winmill (Fig. 39). The points in Figure 37
R = =
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seem to be better represented by a curved line. Whether or
not the curve is real or due to an effect inherent in the
method is not known. The amount of data presented is definitely
limited and until such time as more is collected, the curve
must be viewed with some doubt. The following discussion
indicates that the curve could be due to the influence of
the diffusion process.
Zwietering and van Krevelen (31) have estimated the
average radius of the fine pores in coal to have a value of
the order of lOA . Due to the fine nature of these pores
it might be expected that the entire internal surface of coal
is not readily accessible to oxygen for short time limits
because of the laws of diffusion that apply to pore structures
of these dimensions. In other words, the rate of reaction of
oxygen with coal probably does not only depend on the velocity
coefficient itself, but also on the diffusion processes. The
oxygen probably has to diffuse into the coal to reach the
scene of the reaction and the reaction products would have to
leave by the same process.
Winmill (30) has shown that in a given time coarse coal
will absorb less oxygen than fine coal-dust, but as time goes
on the difference in the rates of absorption becomes somewhat
less, indicating that after a very long time the total amount
of oxygen absorbed by the coal is practically independent of
the state of division. This means that the readily accessible
surface of a coal particle quite probably consists of the
external surface plus the internal surface of the outer portion
'low
of the particle, that is, the internal surface of a fringe
area around the particle. It can be seen that the thickness
of such a fringe area would be a function of the size and
number of pores, as well as a function of time. For longer-
periods of time the effective fringe area would become thicker.
If the particle size of a given coal is progressively reduced,
then the fringe area or readily accessible surface will
eventually take in the entire volume of the particle and as
this point is approached, the reaction would tend to become
constant. This is a possible explanation for the curve of
Figure 37.
Under actual storage conditions the rate of production
of heat would be much slower from the inner portion of the
coal particles provided the particles were on the coarse side
with respect to the thickness of the active fringe area. The
heating rate in the central portion of the larger particles
would have every chance to become dissipated and so avoid
any significant increase in the temperature of the coal.
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OTHER FACTORS INFLUENCING THE SELF-HEATING OF COAL
Other factors influencing the self-heating of coal
include: the amount of oxygen present in the gas phase,
extent of previous oxidation, and conditions of storage and
heat transfer.
The most recent work at the U. S. Bureau of Mines (10)
indicates that variations in oxygen concentration change the
oxidation rate in the following manner:
R1 (02)1 0.66
R2 (02 3
where R1 and R2 are the oxidation rates and (02)1
and (02)2 are the corresponding oxygen concentration.
The average value of the exponent 0.66 was determined from 46
coals and the oxygen concentrations were varied between 1 and
20.5 percent. Other investigators have found a similar
relation, but the value of the exponent varies somewhat.
Blaskett (5) has suggested that the presence of other
gases might change the oxidation rate. "In particular, if
carbon dioxide and oxygen are present in the gas phase in
contact with coal, one would expect that the amount of oxygen
absorbed--and, in consequence, the rate of oxidation of the
coal--would be decreased since carbon dioxide is far more
readily adsorbed than is oxygen."
As indicated by Figures 4-9, the oxidation rate of coal
falls off rapidly with time. Therefore, coals which have been
r
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previously subjected to oxidation would not be expected to
self-heat so rapidly. Elder and others (10) have demonstrated
the effect of preoxidation with the aid of an adiabatic
calorimeter. The self-heating rate for a freshly dried and
stage-crushed sample was found to be 12.2 0F. per hour at 2120F.
Another stage-crushed sample of this coal was oxidized at 2120F.
in air for 5.4 days and consumed 2.05 percent oxygen by weight
of dry, mineral-matter-free coal. The oxidized sample was then
dried and tested in the calorimeter, and the self-heating rate
was found to be 4.20F. per hour at 212 0F. The self-heating
tendencies of this coal were reduced by 65 percent through
preoxidation."
Other investigators have come to similar conclusions so
there is little doubt but that freshly broken coal is more
likely to heat when stockpiled than is coal which has been
broken and exposed to the weather for a time before stockpiling.
Blaskett (5) has considered in some detail the factors
related to conditions of storage and heat transfer. The flow
of air through a pile of broken coal is important and performs
two functions:
(1) It conveys oxygen into the pile and hence assists
oxidation of the coal.
(2) It transfers heat from point to point within the
pile, and also serves to dissipate some heat
from the pile away into the atmosphere.
The flow of air is brought about by:
(1) Pressure differences due to wind pressures on
the surface of the pile.
59.
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(2) Pressure differences due to temperature changes
within the pile.
(3) Pressure differences due to consumption of oxygen
by the coal.
(4) Barometric pressure changes.
Blaskett further points out that the resistance to air flow
is less near the edges than in the center of the pile and
hence the air flow along the edges is much greater. If the
sides of the pile are sealed, conditions throughout the pile
are made more normal. Prevention of segregation during
storage is also important as the mixture of fine and coarse
coal offers much greater resistance to the passage of air.
In considering the problem of heat transfer within a
pile of coal, Blaskett finds that air flow cannot be a factor
of great importance. On the other hand, he maintains that
moisture might be very important in this respect. This latter
factor was first considered by Schmidt and is discussed on
pages 49-51 of this report.
Blaskett concludes that as a first approximation heating
is proportional to R H2
a
where R is the initial rate of oxygen consumption
H is the height of the pile
a =K
DS
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where K is thermal conductivity
D is density of coal
S is the specific heat
"To reduce the tendency to heating within the pile R
and H should be kept as low as possible and "a" should be
high.
R is dependent on the coal type; but its value is
increased with fineness of the coal, increased with initial
storage temperature and decreased with lower oxygen supply.
"a" appears to be principally dependent on the
specific heat of the coal, and hence on moisture content.
A higher moisture-content leads to decreased values of "a",
but there is a danger that transfer of moisture within
the coal pile may lead to a rapid temperature-rise in
regions where moisture condenses out on drier coal".
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NATURE OF THE OXIDATION REACTION OF COAL
A great deal of research has been carried out in recent
years on the nature of the reaction of oxygen with coal. Aside
from its importance to a complete understanding of the spon-
taneous combustion process, there is also much interest in
the valuable chemical products that can be obtained from
coal by processes consisting essentially of the oxidation
of coal at relatively low temperatures and pressures.
The actual nature of the oxidation process as it occurs
during spontaneous heating (very mild oxidation at low tem-
peratures) is still very obscure. Schmidt (25) outlines it
as follows:
02 gas Oxygen 2 C02, CO and H201 physically
+ - 0 sorbed 14 Coal-oxygen . .. C02, CO and H20
on coal complex
coal surface
According to recent work by Jones and Townend (18), the
initial process involves chemisorption and step 3 in the above
outline requires the presence of moisture and involves the
formation of a coal-oxygen-water complex. The formation of
this complex causes an increase in the weight of the coal
while at the same time C02 , CO and H20 are evolved. Below
temperatures around 700C the complex is relatively stable,
but above the temper'ature range of 60-800C the complex begins
to break down into the gaseous products. The consumption of
oxygen increases at this critical temperature range. This
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increase is possibly due to the removal of the complex which
when accumulated on the surface of the coal probably inhibits
the reaction. The increase in oxidation manifests itself by
an increase in heat formation as indicated by time-tempera-
ture curves 3 and 4 of Figure 31.
Many authors including Jones and Townend believe that
the coal-oxygen-water-complex is peroxidic in nature.
Kramers (19) maintains that according to a recent general
discussion on oxidation, most oxidation of carbonaceous
materials may be regarded as proceeding in two stages;
formation of hydroperoxide and its decomposition into radicals
leading to the end products of the reaction. The formation
of the hydroperoxide usually involves a chain reaction, with
the hydrocarbon radicle and the peroxide radicle as chain
carriers.
ROO- 4 RH = ROOH 4 R*
R' - 02 = ROO-
More exhaustive oxidation of coal at relatively low
temperatures results in a greater variety of products. The
type and quantity of these products depends on the degree
of degradation of the coal. Severe oxidation brings about
a large yield of water-soluble acids while a milder oxidation
produces humic acids. The products of these more exhaustive
oxidations are potential products for the chemical industry.
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RECOMMENDATIONS FOR THE SAFE STORAGE OF COAL
No actual work has been carried out in this investiga-
tion with regard to the actual behavior of a given coal when
stored. Therefore, it is thought that the following summary
of methods and recommended procedures for storing coal might
be useful in filling this gap, so that the laboratory work
might be applied in a practical manner. Those coals found in
this laboratory investigation to have high characteristic self-
heating tendencies and to be highly friable either as a result
of their petrographic composition or high pyrites content should
be handled with due respect.
The following recommendations have been laid down as
a result of observations by many authorities and have been
summarized by Schmidt (25).
(1) Storage area should be level, firm, well-drained,
and free of fences, piers, etc.
(2) Decreased height of storage piles results in decreased
probability of spontaneous ignition since
(a) The effective resistance to heat-flow is lower,
so that the heat of oxidation can be dissipated
with less rise in temperature;
(b) Lower piles tend to decrease the amount of segre-
gation of sizes when coal is piled carelessly;
(c) It is easier to remove hot-spots when they occur.
(3) Segregation of sizes should be avoided, since many
fires occur near the boundaries of zones of coarse
kL
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(3) Continued
coal that apparently act as chimneys for the conduction
of air into the pile.
(4) Preferably, coal should not be piled in hot weather,
since many fires apparently are due to this cause.
(5) Coals from different sources should not be piled
together.
(6) A shipment of coal that is especially wet should not be
piled with other coal.
(7) Care should be taken to keep out extraneous material
which may cause fires, even in anthracite which is not
ordinarily subject to spontaneous ignition.
(8) After the storage, the temperature of a pile should be
determined regularly by means of thermometers in
previously installed pipes or by thrusting down iron
rods and feeling the rods on withdrawal. The extremely
local nature of hot-spots makes it necessary to test
at points on 10-ft. to 20-ft. centres. If temperatures
of 140 0F. to 150 0F are found, danger is impending, and
the temperature of the coal near these points should
be taken on 5-ft. centres. Even so, it is possible to
miss hot-spots, and combustible-gas indicators have
been used successfully for this detection.
(9) If coal at a temperature above 1500 F. is found, it
should be dug out and used immediately or wet down
thoroughly and repiled by itself. Water should be
sprayed on large piles only as a last resort.
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(10) The following heights of storage piles are recommended
as safe; fine coal over 18 per cent volatile matter,
up to 4 yds.; large coal over 18 per cent volatile
matter, up to 6 yds.; fine coal below 18 per cent
volatile matter, up to 6 yds.; and large coal below
18 per cent volatile matter, up to 8 yds.
The flow of air through a pile of coal is of paramount
importance; either it should be allowed to pass through a
pile rapidly enough to dissipate all the heat generated as
a result of its presence or it should be excluded. The
latter alternative to reduce spontaneous combustion is more
frequently used. A number of different storage methods are
based on this principle and are accomplished as follows (5):
(1) Storage in airtight bins -- this is an effective
method, but has the disadvantages that it is
expensive and can only be used with small quantities.
(2) Storage in piles sealed with asphalt -- this method
has not proven very satisfactory. The asphalt
effectively seals most of the surface, but leaves
some openings which act as orifices for relatively
high velocity air movements into and out of the piles.
(3) Storage under water -- this method can be applied
successfully, but is expensive.
(4) Storage in a well-compacted heap covered with fine
coal -- this method has been recently tested by the
U. S. Bureau of Mines and is discussed in more detail
below.
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(5) Storage in open pits, with airtight sides and with
coal well packed -- the method has been successfully
employed, but is more expensive than (4).
Allen and Parry (1) of the U. S. Bureau of Mines have
recently carried out an investigation on the storage of
Western lignites. They have found that dry surface storage
can be carried out successfully with large quantities of
coal and in addition the costs are low and the method is
particularly flexible. In order to insure a minimum of
segregation and still effectively pack the coal, it is
essential that the coal be placed in storage in the following
manner:
1. Place the coal in thin lifts about 1 foot in
depth.
2. Thoroughly compact each increment to break up
air channels and to reduce the air-to-coal-
volume ratio.
3. Maintain gently sloping sides (maximum slope
about 140) on surface piles to minimize segre-
gation and to facilitate thorough compaction
of the pile sides.
4. Smooth the final surface to reduce the effect
of wind in producing differential pressures
and possible resultant air currents within
the coal mass.
68.
The coals on which this investigation was carried
out were low-rank and by following the above procedure no
instances of spontaneous combustion were encountered. It
appears, therefore, that it would be safe to store the
most susceptible Sydney coals in this manner. The authors
also discuss the techniques for removing coal from storage.
They contend that the coal should be removed in the reverse
order of piling, that is, lifts should be removed from the
pile surface and the resulting surface smoothed and
compacted. Steep side walls should always be avoided.
Another opinion gathered from the Bureau of Mines
report is that the most desirable seal for the surface
of a coal pile is one which permits the gradual infiltration
of air over the entire pile surface. "The cheapest and
most effective seal appears to be the well-slacked coal
on the surface of the pile. This seal, which presents no
contamination problem, will absorb oxygen from the entering
air, so that air reaching the interior of the pile will
be virtually inert."
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CONCLUSIONS
In order to fully evaluate the self-heating tendencies
of the coals studied in this report, other variable factors
must be considered in addition to the characteristic self-
heating rates as determined in the laboratory.
From the point of view of characteristic heating rates
of samples of the same particle size, the coals studied fall
in the following order of decreasing susceptibility; Lloyd
Cove II 3, Backpit VI 17, McGregor ML 8, and Harbour IV 26.
The latter two are very similar according to both the iso-
thermal and adiabatic tests. On the other hand, the behavior
of these four coals probably changes somewhat under actual
storage conditions.
The Lloyd Cove sample should show a very high
susceptibility under actual storage conditions. This results
not only from the high characteristic heating rate as deter-
mined by the laboratory methods, but also from the high
friability which is directly related to the petrographic
composition and pyrites content. It is, therefore, considered
as being the most dangerous of the four coals studied.
The Backpit sample has an intermediate characteristic
heating rate according to the adiabatic method, but is more
similar to the Lloyd Cove sample according to the isothermal
method. Its characteristic heating rate is possibly con-
siderably lower than the Lloyd Cove as the adiabatic results
appear to be more reliable. It is also less friable and
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contains less pyrites of the variety that weathers rapidly.
For these reasons the section of the Backpit seam which is
represented by this sample is probably considerably less
susceptible to self-heating than the Lloyd Cove.
The Harbour IV 26 and the McGregor ML 8 both show
low characteristic heating rates of about the same value.
The McGregor is lower in pyrites, but neither sample contains
the type which weathers readily so they can also be considered
as being similar in this respect. Probably the only factor
which can change their heating characteristics is friability.
Unfortunately, at the present time the author has no data on
the slacking properties of these two coals.
In the author's opinion, surface seems to be the most
important single factor influencing the spontaneous combustion
of coals stored at normal temperatures. The characteristic
heating rates as determined in the laboratory appear to depend
on the external and internal surface. The amount of surface
available for reaction with oxygen, when samples of the same
particle size are used, depends on the number and size of the
pores, as well as on time, since the oxygen must diffuse into
the coal. For short periods of time, only the surface at the
outer fringe of the particles is available. A decrease in
particle size increases the external surface, as well as the
amount of readily accessible internal surface and thus
increases the tendency to self-heat.
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The most important role of the petrographic composition
is its influence on friability and particle size. For coals
with a high fusain content this can become quite important.
Pyrites plays a similar role to that of the petro-
graphic composition since upon weathering it swells and slacks
the coal. The actual rate of oxidation of the pyrite appears
to be quite similar to that of the coal; at least for the
coals studied in this investigation. The weathering of the
pyrites is related to its particle size and under laboratory
conditions only the very small particles below the range of
1-3 microns weather rapidly.
The characteristic self-heating rate and moisture
content correlate rather well, but this is only because
inherent moisture content is dependent on the pore volume
of the coal.
It has been pointed out by other workers that when
moisture condenses on the surface of coal, a substantial
amount of heat may be produced as a result of heat of con-
densation and heat of wetting. The latter process only
becomes significant in the case of the low-rank coals. If
present in sufficient quantity moisture can inhibit self-
heating because of the latent heat of evaporation, as well
as the high specific heat of water.
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Temperature can be an extremely important factor
in the self-heating of coal, but under storage conditions
where the initial temperature is low, it does not have an
opportunity to play a very effective role.
A recent report by the U. S. Bureau of Mines shows
that the lignites can be stored successfully in large
quantities. The results of the Bureau of Mines investigation
are summarized in this report, and it is believed that if
these recommendations are followed, the most susceptible
coals studied in this report can be safely stored in large
quantities.
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